The crystallization kinetics of nanoscale amorphous solid water (ASW) films are investigated using temperatureprogrammed desorption (TPD) and reflection absorption infrared spectroscopy (RAIRS). TPD measurements are used to probe surface crystallization and RAIRS measurements are used to probe bulk crystallization. Isothermal TPD results show that surface crystallization is independent of the film thickness (from 100 to 1000 ML). Conversely, the RAIRS measurements show that the bulk crystallization time increases linearly with increasing film thickness. These results suggest that nucleation and crystallization begin at the ASW/vacuum interface and then the crystallization growth front propagates linearly into the bulk. This mechanism was confirmed by selective placement of an isotopic layer (5% D 2 O in H 2 O) at various positions in an ASW (H 2 O) film. In this case, the closer the isotopic layer was to the vacuum interface, the earlier the isotopic layer crystallized. These experiments provide direct evidence to confirm that ASW crystallization in vacuum proceeds by a "top-down" crystallization mechanism.
Introduction
Amorphous solid water (ASW) is a metastable glassy phase form of water that can be created in the laboratory by vapor deposition onto a cold substrate (T b 130 K). The properties of ASW are of interest for a variety of reasons including its use as a model for liquid and supercooled liquid water [1] [2] [3] [4] [5] , its use as a model for studying the properties of amorphous solids, and because it is believed to be the predominant form of water in astrophysical and planetary environments [6] [7] [8] . The crystallization of ASW films has been studied using a variety of methods including temperature-programmed desorption (TPD) [9] [10] [11] [12] [13] [14] [15] , adsorbate physisorption [16] [17] [18] [19] [20] , electron diffraction [21, 22] , and infrared techniques [14, 15, 20, [23] [24] [25] . Most of these studies either report or assume that ASW crystallization proceeds via a random bulk nucleation and growth mechanism. However, one study reports that crystallization may start at the vacuum interface, although detailed kinetic modeling was required to separate the surface and bulk crystallization rates in the relatively thin film (45 ML) [20, 26] .
It has been shown previously that inert adsorbates trapped underneath or within ASW films desorb in an episodic release that occurs in concert with ASW crystallization, a phenomenon called the "molecular volcano" [27, 28] . The abrupt desorption of gases is due to cracks that form during crystallization of the ASW overlayer. Some more recent work studying the crack formation that accompanies ASW crystallization in thicker films showed that crack formation begins at the ASW/vacuum interface [29] [30] [31] . In that work, selective placement of the inert gas layer in the ASW film showed that cracks form near the top of the film and propagate downward into the film. Given the link between crystallization and crack formation, these results suggested that ASW crystallization may also begin at the ASW/vacuum interface and proceed into the bulk.
In the present paper, we provide direct evidence that ASW crystallization proceeds via a "top-down" mechanism. This is accomplished by simultaneously monitoring crystallization on the surface and in the bulk as a function of ASW film thickness (100 to 1000 ML). Temperature-programmed desorption (TPD) measurements are used to probe surface crystallization and RAIRS measurements are used to probe bulk crystallization. Our experimental observations are consistent with a two-step model in which nucleation and crystallization begin at the vacuum-ASW and then the crystallization front propagates into the film bulk.
Material and methods
The experiments were performed in an ultra-high vacuum system (UHV) with a base pressure of b 10 −10 Torr that has been described in detail previously [14, 32] . Briefly, a 1 cm diameter Pt(111) substrate, cooled by a closed cycle helium cryostat capable of achieving a base temperature of~25 K, was used as a substrate. The substrate was resistively heated and the temperature was measured by a K-type thermocouple spot-welded to the back. The temperature was measured 
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Surface Science j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s u s c with a precision of better than ±0.01 K. The absolute temperature was calibrated using the desorption of multilayer H 2 O TPD and estimated to have an accuracy of ± 2 K. The Pt substrate was cleaned by Ne + ion sputtering at 1.5 kV and then annealed at 1100 K in UHV. The Pt substrate was then heated to 1100 K in the presence of decane to form a single layer of graphene on its surface [33] . The ASW films in this experiment were deposited on top of 50 ML of decane to eliminate (or at least minimize) the potential effects of substrate-induced nucleation. We hypothesize that the long chain hydrocarbon deposited at low temperature will not form an extended ordered surface that could act as a crystallization template. Graphene is inert to hydrocarbon decomposition (Pt is not) and this provided a clean reproducible surface for growing the ASW/decane films. Water and decane were deposited using a quasi-effusive molecular beam at normal incidence and at~30 K. Surface crystallization was measured by monitoring the desorption rates of H 2 O (m/z = 18) utilizing an Extrel quadrapole mass spectrometer in a line-of-sight configuration. Simultaneous with the desorption measurements, the RAIRS spectra were recorded with a Bruker Vertex 70 Fourier transform infrared spectrometer where the infrared beam was incident on the sample at an angle of 82 ± 1°. The infrared spectra were acquired with a resolution of 8 cm
. During a typical isothermal crystallization experiment, 100 infrared spectra were acquired in 900 s, and each spectrum was averaged for 64 scans. To clearly measure the ASW crystallization kinetics by infrared spectroscopy, a 5% D 2 [34] . The use of the 5% D 2 O in H 2 O solution facilitated the analysis of the infrared spectra and also allowed for the isotope layer experiments described in Section 3.4.
Results and discussion

Surface crystallization of ASW films
The surface crystallization of ASW films in vacuum was determined using isothermal desorption measurements. All ASW films were deposited on top of 50 ML of decane. The composite ASW/decane films were deposited at normal incidence and at 30 K. After deposition the films were heated via a linear temperature ramp (1 K/s) to and then held at 150 K. Fig. 1 (a) displays the isothermal TPD spectra for a series of ASW films with thicknesses of 100 (blue curve), 200 (red curve), 500 (black curve), and 1000 ML (green curve). The vertical dashed line (t = 0) marks the time when the temperature reaches 150 K. The desorption spectra for all four ASW thicknesses are nearly identical and have the same desorption rate versus time dependence that has been observed previously [11, 15] . This desorption behavior is due to the metastable amorphous phase having a higher free energy than the more stable crystalline phase. The higher free energy means that the amorphous phase has a higher vapor pressure than the crystalline phase and thus a higher desorption rate. The isothermal spectra in Fig. 1(a) show that upon reaching 150 K, the desorption rate is at its maximum value. Subsequently, the rate decreases in time until about 200 s where the rate plateaus. This is because the initial desorption rate is from a film that is nearly all amorphous but as the surface begins to crystallize, the rate decreases until the film's surface is entirely crystalline.
The crystallization kinetics can be obtained by analyzing the time dependence of the isothermal desorption rate. In the analysis, the initial desorption rate (~0 s in Fig. 1(a) ) is taken to be the desorption rate from a surface that is 100% amorphous, Rate ASW , and the desorption rate in the plateau region (~200 s) is taken to be desorption rate from a surface that is 100% crystalline, Rate CI . The desorption rate in the intermediate region is linear combination of the two desorption rates,
where x(t) is the fraction crystallized at the surface. The fraction crystallized versus time, x(t), is determined using the lever-rule type construction in the equation: Fig. 1(b) displays the x(t) curves obtained from the isothermal TPD spectra in Fig. 1(a) for ASW thicknesses of 100 (blue curve), 200 (red curve), 500 (black curve), and 1000 ML (green curve). The curves for all thicknesses are similar in shape and nearly aligned as is expected since the desorption spectra are nearly identical. The results in Fig. 1 confirm that the surface crystallization kinetics of ASW films in vacuum are thickness independent from 100 to 1000 ML.
The observed thickness-independent surface crystallization kinetics could be explained by two possible mechanisms. The first mechanism is one where there are random nucleation sites evenly distributed throughout the film. In this case, no matter the film thickness, the surface would crystallize at the same rate given that there is an equal probability of a nearby nucleation site. In this mechanism the bulk crystallization kinetics would also be independent of thickness. The second mechanism is one where there is a preference for nucleation at the ASW surface/vacuum interface. In this case, if the surface is the same for all film thicknesses, the surface crystallization rate would be the same. However, in this mechanism the bulk crystallization kinetics could be quite different than those on the surface. To distinguish between these two possible mechanisms, in the next section, we measure the bulk crystallization kinetics using RAIRS.
Bulk crystallization of ASW films
The bulk crystallization kinetics of ASW films (5% D 2 O in H 2 O) were determined using RAIRS spectra obtained simultaneously with the isothermal desorption experiments in Fig. 1. Fig. 2 displays a time series of RAIRS spectra of the O-D stretch region of HDO for the 100 ML thick ASW film experiment in Fig. 1 . The O-D stretching band for a 100% amorphous film (red line) is a relatively broad peak and is centered at 2450 cm −1 . During crystallization the peak shifts to lower frequency (2426 cm − 1 ), sharpens, and increases in intensity. The blue curve is the spectrum from a 100% crystalline film. The time series of spectra have a clear isosbestic point, which suggests that the intermediate spectra are a combination of the pure ASW and crystalline ice spectra. Therefore we can take a cut at the crystalline peak center, 2426 cm −1
(vertical dashed line) to determine x(t) for the bulk ASW crystallization.
A formulation analogous to that in Eq. (2) is used to convert the absorbance data to a normalized fraction crystallized. Fig. 3 displays the fraction crystallized versus time, x(t), obtained from RAIRS experiments analyzed using a cut through a set of time resolved spectra as described in Fig. 2 . The x(t) curves are for ASW films with thicknesses of 100 (blue curve), 200 (red curve), 500 (black curve), and 1000 ML (green curve). The data were obtained in concert with the 150 K isothermal desorption experiments in Fig. 1 . The x(t) curves for all thicknesses display an induction period of about 100 s, but in contrast to the surface crystallization results, the RAIRS data show that the bulk crystallization kinetics are thickness dependent. Specifically, the crystallization half-times, t 1/2 , increase linearly with ASW film thickness (as shown in Fig. 6 below) . The linear thickness dependence of bulk crystallization times suggests that the bulk crystallization process is not occurring uniformly throughout the ASW film. Fig. 4 (dashed lines) . The x(t) curves are for ASW films with thicknesses of 100 (blue curves), 200 (red curves), 500 (black curves), and 1000 ML (green curves). The desorption experiments, which measure surface crystallization, are clearly independent of thickness. In contrast, the RAIRS experiments, which measure bulk crystallization, are clearly thickness-dependent. Also note that surface crystallization begins at~20 s and is mostly complete by~200 s, whereas the bulk crystallization curves have an induction period of~80 s before the onset of crystallization. The combined surface and bulk results suggest a two-step crystallization mechanism. In the first step, nucleation and crystallization begin at the ASW/vacuum interface and crystallize the surface. In the second step, a crystalline front propagates into the bulk. This mechanism accounts for both the thickness independence of the surface crystallization and the thickness dependence of the bulk crystallization. While it is plausible to assume that the linear time versus thickness dependence observed for bulk crystallization is due to a crystallization front propagating from the rapidly crystallized ASW-vacuum interface surface into the bulk (topdown), it is possible that another mechanism could account for the RAIRS observations in Fig. 3 . For example, a linear dependence of the bulk crystallization time versus thickness could also be explained by a "bottom-up" mechanism. While a "bottom-up" mechanism may not be consistent with the desorption experiment results, we nonetheless wanted to confirm the "top-down" mechanism. In the next section, we provide direct evidence for a "top-down" crystallization mechanism. Fig. 4 . A combined plot of the fraction crystallized versus time, x(t), results from the isothermal desorption experiments in Fig. 1 (solid lines) and the RAIRS experiments in Fig. 4 (dashed lines) . The x(t) curves are for ASW films with thicknesses of 100 (blue curves), 200 (red curves), 500 (black curves), and 1000 ML (green curves).
Comparison of surface and bulk crystallization kinetics
Confirmation of a "top-down" crystallization mechanism
In this section, we use the selective placement of an isotopic layer in an H 2 O film to confirm the "top-down" crystallization mechanism. Composite ASW films with a total thickness of 1000 ML were deposited at normal incidence at 30 K on top of 50 ML of decane. Isothermal RAIRS experiments were conducted at 150 K. The 1000 ML ASW film was comprised of 900 ML of H 2 O and a 100 ML isotopic layer (5% D 2 O in H 2 O) placed at various positions in the film. Fig. 5 displays x(t) curves from experiments where the 100 ML isotopic layer was placed at the top of the film (blue curve), 300 ML below the top (red curve), 600 ML below the top (black curve), and at the bottom (green curve) of the 1000 ML composite film (see schematic in Fig. 5) . A cut at 2426 cm −1 was used to determine x(t) and thus the data in Fig. 5 are sensitive to the OD stretch in HOD. Experiments using homogenous films doped with 10% HDO indicate that the crystallization kinetics of H 2 O and HOD are identical. The results show that the x(t) curves shift to longer times the farther the isotopic layer is from the vacuum surface. Particularly note that the onset times also shift with the isotopic layer's distance from the top of the film. These results suggest that the onset of crystallization does not begin in the isotopic layer until the crystallization front reaches its position in the film. Fig. 3 , where the entire film is 5% D 2 O in H 2 O, the midpoint is determined from the entire film thickness. For example, in the 1000 ML experiment in Fig. 3 , the midpoint is 500 ML. For the experiments in Fig. 5 , where the isotopic layer is located at different positions in the film, the midpoint is based on its location in the film. For example, in the experiment where the 100 ML isotopic layer is 300 ML from the top, the midpoint is 350 ML. The t 1/2 values from the two separate experiments are closely aligned and can be fit by a common line (dashed curve). This result provides additional evidence that the crystallization front that begins at the vacuum surface of the ASW film propagates at a constant rate into the bulk. The inverse fit line slope is a measure of the growth rate (ML/s) and the intercept minus the time to reach the isothermal temperature is a measure of the induction time. The values here, 3 ML/s for growth and 120 s for the induction time, are in good agreement with the growth rate and induction time values for crack formation (Fig. 8 of reference [30] ). We have previously shown that the surface roughness of ASW films deposited at normal incidence does not depend on film thickness [35] [36] [37] . For this reason, we do not ascribe the observed thickness-dependent crystallization rates to differences in surface roughness.
Conclusion
By direct measurement of the surface (using TPD) and bulk (using RAIRS) ASW crystallization kinetics as a function of film thickness, we clearly show that the crystallization of ASW films in vacuum proceeds via a "top-down" crystallization mechanism. More specifically, ASW crystallization proceeds via a two-step process. In the first step, nucleation and growth begin at the vacuum interface where the entire surface rapidly crystallizes. In the second step, the surface crystalline layer acts as a template that allows for a crystallization front to rapidly propagate into the bulk. The observed linear time dependence on film thickness suggests that the combined surface nucleation and growth front propagation happen faster than bulk nucleation, at least in films up to 1000 ML. For example, if nucleation was occurring at a significant rate in the bulk, one would expect to see an increase in the crystallization rate (decrease in the crystallization time) with thickness due to an increase in the sites from where crystalline growth could occur.
The preference for nucleation at the vacuum interface is likely due to the higher mobility that surface molecules have compared to those in the bulk. Note that the effects of enhanced surface mobility may extend several layers into the film. Our results mean that prior work using only surface sensitive techniques, such as desorption [9] [10] [11] [12] [13] [14] [15] and adsorbate physisorption [16] [17] [18] [19] [20] , likely do not provide information relevant to bulk nucleation. Surface sensitive experiments may provide information relevant to processes in the environment or in astrophysical ices but it is the bulk nucleation rate that is relevant to processes in supercooled liquid water. Future work will focus on varying the isothermal temperatures to further quantify the ASW kinetics. Temperature may change the importance of surface nucleation on the overall crystallization kinetics. For example, if the activation energy for bulk nucleation is greater than that for surface nucleation, the relative contribution of bulk nucleation and crystallization will increase at higher temperature. Similarly, bulk nucleation may contribute to the overall crystallization rate in thicker films where the top-down crystallization front takes longer to traverse the entire film. In addition, experiments where the effects of the vacuum-surface nucleation are eliminated will be conducted. For example, ASW films deposited between two hydrocarbon layers should eliminate the surface nucleation and allow for the determination of the "true" bulk nucleation rate. Quantitative information on bulk nucleation and growth crystallization kinetics of ASW films is needed to increase our understanding of liquid and supercooled liquid water. The total thickness of the composite film was 1000 ML and it was grown on top of 50 ML of decane. The 100 ML isotopic layer was placed at the top of the film (blue curve), 300 ML below the top (red curve), 600 ML below the top (black curve), and at the bottom (green curve) of the 1000 ML composite film. The experiments were conducted at 150 K. 
